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Abstract: Well-trained T-cell immunity is needed for early viral containment, especially with the help of
an ideal vaccine. Although most severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)-infected
convalescent cases have recovered with the generation of virus-specific memory T cells, some cases
have encountered T-cell abnormalities. The emergence of several mutant strains has even threatened
the effectiveness of the T-cell immunity that was established with the first-generation vaccines.
Currently, the development of next-generation vaccines involves trying several approaches to educate
T-cell memory to trigger a broad and fast response that targets several viral proteins. As the shaping
of T-cell immunity in its fast and efficient form becomes important, this review discusses several
interesting vaccine approaches to effectively employ T-cell memory for efficient viral containment.
In addition, some essential facts and future possible consequences of using current vaccines are
also highlighted.
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1. Introduction

T-cell immunity is a part of the major defense system of a host against any kind of
viral infection. The availability of T cells for memorizing viral peptides from surface and
internal proteins makes cell-mediated immunity superior to humoral immunity, where
the neutralizing antibodies only recognize the surface proteins of the virus. The two main
essential components of T-cell-mediated immunity are CD4+ and CD8+ T lymphocytes.
The purpose of the response of CD4+ T cells toward viral infections is to recognize the
viral epitope presented on class II major histocompatibility complex (MHC II) molecules
of the antigen-presenting cells (APCs) that provide help to other immune cells, thereby
yielding an effective cell-mediated immunity. CD8+ T cells, in contrast, recognize the
viral epitope presented on MHC class I molecules and perform dual functions, including
a non-cytolytic effector function that uses their cytokines for the suppression of viral
replication, as well as a function to induce apoptosis of the virus-infected target cells by
releasing perforins and granzymes [1–3]. Since the first wave of the coronavirus disease
2019 (COVID-19), the essential need for T-cell immunity for the speedy viral clearance and
suppression of the severity of the disease was clearly identified [4,5]. On the other hand, it
was also necessary to pay attention to the virus-induced T-cell defects seen in some severe
cases [6–8]. However, T-cell abnormalities such as exhaustion and the T-helper 17 cells
(Th17)-skewed response have rarely been reported since the first-generation COVID-19
vaccines reached the market and mass vaccination was conducted across the globe. This
points out the importance of properly educating the T-cell immunity early before the virus
has time to prepare for its hostile establishment. Several vaccines have been developed
and have successfully controlled the virus to some extent, but the frequent emergence of
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mutant strains is still occurring. A strain such as Delta is deadly, whereas Omicron is super
infectious with high-speed spread [9–12]. These mutants can evade the neutralizing effect
of a host’s antibodies [13–15]; therefore, there is a need to investigate approaches to boost
cell-mediated immunity. There is not a long-term promise with the current commonly used
vaccines, such as spike (S)-protein-targeted vaccines and inactivated vaccines, to control
future mutant strains. If there is an emergence of a virulent strain which is able to set up in
respiratory tracts with a high viral load, which could possibly cause T-cell defects within a
short period of time, or which could escape from T-cell immunity, there will potentially
be another occurring epidemic or pandemic that is accompanied by a high fatality rate.
Therefore, a deeper understanding of T-cell immunity toward SARS-CoV-2 is needed. At
the same time, better vaccine approaches should be explored to generate the broad-memory
T-cell pool, which could be utilized to recognize several common SARS-CoV-2 epitopes that
are shared among global communities. In addition, the strategic location of tissue-resident
memory T cells (TRM) in the airway also may later play an essential part in finding and
implementing better vaccine approaches. Several second-generation vaccines are on their
way to fill these holes and gaps based on the experiences of first-generation vaccines. One
main aim of these vaccines is how to educate the cell-mediated immunity in the best way
to face any mutant strain of SARS-CoV-2. By using T-cell memory with help from an ideal
vaccine and vaccination strategy as an advantage, without a doubt, the pandemic spread
of SARS-CoV-2 could be stopped or suppressed. Since this adaptive arm of the immune
system plays a key role in long-term viral control, we review some essential facts regarding
T-cell immunity after exposure to SARS-CoV-2, such as abnormalities including T-cell
exhaustion and the Th1/Th2/Th17 imbalance response, as well as the profile of memory
T cells seen in COVID-19 cases. In addition, we discuss some essential facts and possible
consequences which need to be taken into account when employing T-cell memory to
effectively target SARS-CoV-2 through various vaccine approaches.

2. Viral-Induced T-Cell Abnormalities in COVID-19
2.1. T-Cell Exhaustion

The functional impairment of T lymphocytes in the setting of continuous exposure
to an antigen is termed T-cell exhaustion [16,17]. T-cell exhaustion has been reported
in relevant chronic persistent infections such as human immunodeficiency virus (HIV),
hepatitis B virus (HBV), and hepatitis C virus (HCV) [18]. An essential characteristic of
exhausted T cells includes the lack of ability to produce functional cytokines with the
sustained expression of multiple inhibitory immune checkpoint receptors (IRs) such as
PD-1, TIM-3, cytotoxic T lymphocyte antigen-4 (CTLA-4), lymphocyte activation gene-3
(LAG-3), T-cell immunoglobulin, and ITIM domain (TIGIT) [19]. Severe SARS-CoV-2-
infected cases have been reported to have a high frequency of CD-8+ T cells, which express
multiple IRs such as PD-1, CTLA-4, and TIGIT [6]. The individual expression of PD-1
in some COVID-19 cases [20] seems to be a reflection of activation instead of exhaustion,
but the expression of several IRs indicates the possibility of T-cell exhaustion. Moreover,
inefficient functionality of the overall CD8+ T-cell response, characterized by the low
percentage of interferon-gamma (IFNγ+) CD8+ T cells, CD107a+ CD8+ T cells, IL-2+ CD8+ T
cells, and granzyme B+ CD8+ T cells, was also detected in COVID-19 cases [21]. In addition
to the CD8+ T-cell defect, CD4+ T cells in COVID-19 cases also express the exhausted
markers [22], and a high frequency of non-functional CD4+ T cells that are deficient at
producing IFNγ, IL-2, and TNFα has been demonstrated in severe COVID-19 cases [6]. One
study group suggested that the high viral load is a main trigger factor of T-cell exhaustion
by demonstrating the presence of CD8+ TIM-3+ CD39+ T cells in critically ill COVID-19
cases [23]. Based on previous experiences with human immunodeficiency virus (HIV) and
hepatitis C virus (HCV) cases, the expression of CD39 was directly linked with the viral
load, and high CD39 expression was found in the terminally exhausted phenotype of CD8+

T cells [24]. Hence, although the T-cell exhaustion seen in these chronic viral infections
is due to persistent antigenic exposures, T-cell exhaustion in an acute viral infection of
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SARS-CoV-2 is most likely because of the exposure of T cells to the high viral load within a
short time frame. A promising strategy to resolve T-cell exhaustion in SARS-CoV-2 cases
may be the usage of immune checkpoint inhibitors (ICIs), such as anti-PD1 and anti-CTLA4,
and antiviral drugs in the early stage or as soon as the viral antigen has been detected, but
especially before the establishment of an extensive viral replication. One ex vivo study
demonstrated the ability of a PD-1 blockade to restore the functionality of exhausted T
cells from the convalescent COVID-19 cases by challenging them with the SARS-CoV-2
peptides [25]. Essentially, the potential risk of cytokine release syndrome (CRS) from the
usage of ICIs [26] needs to be considered, as it could potentiate the COVID-19 cases with
pneumonitis into full-blown acute respiratory distress syndrome (ARDS). Hopefully, future
clinical trials will discover the best timings and strategies for using ICIs in accordance with
the SARS-CoV-2 viral pathogenesis to impede T-cell exhaustion in COVID-19.

2.2. Th1, Th2, and Th17 Imbalance

Once primed with the processed antigenic peptide of the exposed infection, T cells
can differentiate into several effector phenotypes such as Th1, Th2, and Th17 [27]. As
COVID-19 is caused by a viral infection, the Th1 response, together with the cytotoxic
T-cell (CTC) response, is a necessity for viral containment in the acute phase of COVID-19.
However, the Th1-driven response is suppressed in critically ill patients with acute COVID-
19 [7]. The viral suppression of IFN-1 [28] and virus-induced high-level IL-6 and IL-10
are the major drivers of Th1 suppression [29,30], which could possibly lead to skewing
toward the Th2 and Th17 phenotype-dominated response. Evidence such as the high tissue
expression of IL-4 in lung biopsies found in deceased COVID-19 cases, in addition to the
discovery of eosinophilia, degranulated eosinophils, and basophilia in peripheral blood
smears of severe cases, indicates the positive link between the Th2-driven response and
the severity of the cases [8,31]. However, a pre-existing strong Th2-driven response seems
to act as an alleviating factor of COVID-19, as a smaller chance of hospitalization was
recognized among SARS-CoV-2-positive asthmatic cases [32,33]. Therefore, as a hypothesis,
the Th2-driven response seen in severe COVID-19 cases may have occurred as a repair
mechanism for diffuse alveolar damage rather than acting as an inducing factor of acute
respiratory distress syndrome (ARDS). In addition to the Th1/Th2 imbalance, skewing
toward the Th17 phenotype-driven response is also implicated in acute COVID-19 cases. In
fact, the Th17-skewed effect is the most likely the inducing factor of high severity, especially
for the lung pathology. Findings in severe cases such as those with high levels of Th17
cells and high neutrophil counts in peripheral blood, as well as high neutrophil counts in
bronchoalveolar lavage fluid, reveal the fact that a Th17-dominant response alongside the
recruitment of other inflammatory cells by IL-17 [34–36] could be the pivotal trigger factor
for diffuse alveolar cell damage, which is accompanied by hyaline membrane formation,
stiff lungs, and organizing pneumonia.

3. Memory T Cells in COVID-19 Cases

Although some COVID-19 cases have been complicated by T-cell abnormalities such as
T-cell exhaustion, the Th17-skewed effect, and lymphopenia, convalescent cases recovered
with the efficient generation of memory T cells [37]. From the past experiences of SARS-
CoV-1 infections, it is known that memory T lymphocytes can be seen for several years
after viral exposure and that these cells were still able to control an incoming SARS-CoV-1
infection while the antibody response faded away several months after viral entry [38,39].
This evidence highlights the essential need for memory T-cell generation for the long-
term containment of SARS-CoV-2 in the current pandemic. In a majority of SARS-CoV-2
convalescent cases, memory T cells that respond to several viral proteins can be found in
their peripheral blood following a few weeks of viral exposure [40]. The major targeted
viral protein of both CD4+and CD8+ memory T lymphocytes is the S protein, but the
memory T-cell recognition of SARS-CoV-2 is not limited to the S protein, as it can also yield
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a broad respond to the membrane glycoprotein (M) protein, nucleocapsid (N) protein, and
several non-structural proteins [37,38,40].

Mild cases are assumed to have effective memory T-cell responses based on the
previous reports of the robust virus-specific T-cell responses found in asymptomatic cases,
and there is an inverse correlation between the severity of SARS-CoV-2 and the frequency
of virus-specific T cells [41,42]. In addition, SARS-CoV-2-specific memory T cells can also
effectively target and suppress the SARS-CoV-2 mutant strains such as B 1.1.7, B.1.351,
and B.1.1.248 [43,44]. In fact, memory T cells from most convalescent cases can also still
respond to the most threatening Omicron variant [45]. Furthermore, current studies have
also proved the endurance of the SARS-CoV-2-targeted memory T-cell response, which
can be present for up to 10 months [46–48]. A recent finding on the reduction in both
virus- specific memory CD4+ and CD8+ T lymphocytes within the initial 5 months [49]
has caused alarm regarding the risk of the fast decay of these memory T cells, but it
does not necessarily reject the possibility of their persistence for several years. In fact,
several studies have highlighted the presence of stem cell-like memory T cells (TSCMs) in
convalescent COVID-19 cases [20,41,46]. One group detected a considerable proportion
of CCR7+ CD45RA+ CD95+ stem cell-like memory T cells (TSCMs) among SARS-CoV-2-
specific memory CD4+ and CD8+ T cells from the peripheral blood of convalescent cases,
and these TSCMs were shown to have the capacity for self-renewal, be polyfunctional,
and be able to differentiate into diverse effector and memory T-cell subsets [46]. In other
words, these cells can continually replenish the effector memory T-cell pool (Tem) and the
terminally differentiated effector T cells (Teff) inside the circulation. Moreover, they can be
a source for maintaining the lung’s tissue-resident memory T cells (TRM) [50] which are
the most important guards for immediate viral containment. As the delay or poor response
of T-cell immunity is one of the possible causes of severe lung inflammation and a cytokine
storm in severe COVID-19 cases, having SARS-CoV-2-specific TSCMs that could rapidly
recharge the Tem cells, Teff cells, and especially the lung TRM cells is ideal for inducing the
rapid response of efficient cell-mediated immunity. From these TSCMs and the Tem pool of
virus-exposed individuals, future studies need to find other precise and specific ways, for
example, an ideal vaccine approach, to rapidly refill effector cells in peripheral blood, as
well as to recruit TRM cells to the viral burden sites such as the respiratory tract, lungs, and
gut for early viral suppression and containment.

4. Employing T-Cell Memory to Effectively Target SARS-CoV-2

Several vaccine approaches have been tried to shape the T-cell memory into its most
effective form. The most widely used first-generation vaccines include mRNA vaccines
(mRNA 1273 and BNT162b2 mRNA), vector vaccines (Sputnik and AZD1222), and in-
activated vaccines (BBIBP-CorV and CoronaVac). Most of these vaccines can induce the
Th1-skewed response that is accompanied by the CD8+ T-cell response, which is a fa-
vorable response for effective viral containment [51–57]. The functionality of T cells has
been confirmed by demonstrating their ability to produce interleukin-2 (IL-2), IFNγ, and
TNFα [51,52,58,59]. As the first-generation mRNA vaccines and vector vaccines do not
encode the M protein and N protein, these vaccines can only induce the S-protein-specific
T-cell response rather than a broad response to other structural proteins. However, in
individuals who received the inactivated vaccines, T cells specific to M and N proteins can
be seen together with the S-protein-specific T cells [57,59]. This kind of broad response, as
opposed to the isolated spike-specific T-cell response, is comparable to the virus-specific
T-cell response found in convalescent cases [37,40], and it generally is assumed to be im-
portant for the containment of future mutant strains. However, the magnitude of the
T-cell response to inactivated vaccines is quite low, although it can still manage SARS-
CoV-2 [57]. In contrast, mRNA vaccines and vector vaccines can induce a potent T-cell
response that specifically targets the S protein. In addition, an efficient germinal center
(GC) response with the active involvement of follicular helper T cells (Tfh), B lymphocytes,
and plasmablasts was well-recognized in response to the mRNA vaccines [60,61]. Indeed,
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this modified mRNA-lipid nanoparticle (LNP) formulation platform not only enhances
the host-cell uptake of the mRNA, but it also helps with the dissemination of mRNA to
several lymph nodes, which further facilitates the possibility of direct antigen expression
by the lymph node (LN)-resident antigen-presenting cells and B cells to the naive T cells
for efficient Teff and Tfh responses [62–66]. The vector vaccines can also induce the Teff cell
response, but Tfh response has not been well-reported.

Although most first-generation COVID-19 vaccines have targeted the S protein as
the major immunogen, some studies have highlighted the possibility of implementing
a better option to induce efficient broad T-cell memory by adding other viral proteins,
especially the N protein in addition to the S protein [4,67–69]. It is true that the spike has
been well-recognized as the key protein because of its essential role in mediating viral entry
into the host cells as well as its ability to induce potent neutralizing antibodies [67,70,71].
Nevertheless, the frequent emergence of SARS-CoV-2 spike mutant strains has highlighted
the need to find other approaches for effective long-term viral containment. Pfizer and
Moderna have tried with Omicron-specific vaccines, but their effectiveness against the
original Wuhan strain and future mutant strains is doubtful. Thus, it is important to
educate the T-cell memory to be able to broadly recognize other viral proteins. Adding an
N protein to the S protein could help build a broad-based T-cell memory that can target
several viral epitopes. Essentially, the N protein has more conserved regions compared
to the S protein, and it also has been suggested as one of the potential targets for vaccine
development [72,73]. Nevertheless, the proportional percentage of N-protein-specific CD4+

T cells and CD8+ T cells from the total virus-specific T-cell response is quite low, and
the T-cell response is widespread across several targets of SARS-CoV-2 [38,40,74,75]. In
other words, the N protein targeting T-cell response alone will not be sufficient to manage
SARS-CoV-2. Therefore, some second-generation vaccines are trying to introduce T-cell
immunity with the N protein as well as other structural proteins such as the M protein
and open reading frames (ORFs), together with the S protein [76–78]. One promising
second-generation vaccine is the Gritstone COVID-19 vaccine, which uses self-amplifying
mRNA (SAM) that encodes highly conserved non-spike T-cell epitopes (TCE) in addition
to the S protein. The first cohort of Vaxzevria (formerly the Oxford-AstraZeneca, UK)-
vaccinated adults (>65 years old) that received the Gritstone vaccine as a booster showed
the promising result of a broad T-cell response toward the highly conserved non-spike
T cell epitopes (TCE) of the N protein, M protein, and ORF3a; the TCE-targeted T-cell
proportions were demonstrated by ELISpot assay as 36% (N protein), 22% (M protein),
and 42% (ORF3a) [76]. Adding the M protein as an additional target in this approach can
trigger a broader T-cell response, which could possibly be cross-reactive across several
SARS-CoV-2 mutant strains and other coronaviruses, although the M protein itself is not
highly immunogenic [79]. Another interesting approach can be seen in the “dual-antigen
T-cell vaccine” from ImmunityBio, which is constructed with S and N proteins by using the
human adenovirus type 5 vector (Ad5). For powerful T-cell stimulation, “Enhanced T-cell
Stimulation Domain” (N-ETSD) is added along with the N protein for the better expression
of the viral antigen on MHC molecules, as ETSD can help navigate the N protein toward the
endo/lysosomal compartment. In addition, a signal sequence that facilitates the better cell-
surface expression of spike is combined with the full-length spike protein in this vaccine to
induce robust humoral and cell-mediated immunity [77,78,80]; moreover, the E1, E2b, and
E3 genes of the hAd5 vector in this vaccine are removed to prevent anti-vector immunity
in the recipients. A single booster of the dual-antigen vaccine in previously infected cases
was shown to recall the memory CD8+ T lymphocytes, as well as the Th1-dominant S- and
N-ETSD-targeted T lymphocytes [77,78,81].

Although targeting several proteins is a general way to prevent viral escape, one im-
portant thing to consider is that some epitopes are immunogenic, whereas others may be im-
munopathogenic due to the individual variation in human leucocyte antigen (HLA) types.
The HLA-A* 02:01-restricted epitope linked with the suboptimal T-cell response [82], a lack
of memory T-cell recognition toward the P272L epitope presenting in HLA A*02+ cases [83],
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and the dysfunctional CD8+ T-cell response to the HLA-A*01:01-restricted epitope [84]
are some examples of the implications of HLA in a poor T-cell response. If these epitopes
act as immunodominant epitopes that are able to draw on most of the TCR repertoire of
an infected host, it is possible that the overall T-cell immunity will become inefficient. In
future vaccine design, epitopes such as these should be removed to maintain the target
of memory T cells on other immunogenic epitopes. At the same time, some epitopes
that are highly immunogenic in the yielding of the functional memory T cells can also
become immunodominant [85]. Therefore, T cells should be primed early with the peptides
that represent immunogenic epitopes. In fact, an analysis of the epitope specificity of T
cells in convalescent cases does not completely represent the T-cell immunity in the acute
phase. Longitudinal studies should be carried out to explore the timing of the expressed
epitope and its impact on T-cell immunity, especially those immunodominant epitopes
that appear early in the course of infection. In addition, understanding the immunological
hierarchy and specific role of these conserved viral epitopes of the targeted HLA types
could help establish a more focused T-cell memory, which could prevent frequent viral
escape. It is unreasonable and tiring to find all HLA-restricted epitopes from all HLA
types. Nevertheless, at least the immunogenic epitopes that are conserved among highly
prevalent HLA supertypes [86,87] should be uncovered to implement a globally effective
vaccine approach for SARS-CoV-2. If possible, it is better to find some epitopes that can
be presented on both HLA class I and class II, as they can trigger a more focused and
harmonized response of CD4+ T lymphocytes and CD8+ T lymphocytes that target the
same specific site. In this way, the non-specific, cross-reactive CD4+ T-cell response that
recognizes long peptides on an MHC class II molecule will also be limited to some ex-
tent. Using this approach of targeting conserved epitopes also highlights the possibility
of finding a pan-coronavirus vaccine to target shared epitopes across all coronaviruses.
However, there are some limitations. Firstly, the specificity of the antigen-specific private
TCR repertoire to other coronaviruses is hard to estimate. When the host is exposed to a
specific viral epitope, the TCR repertoire specific to that epitope establishes the memory
toward the common public complementarity-determining region 3 (CDR3) motif. However,
the specific sequence and length of CDR3 in this motif varies between each individual,
which is known as private TCR sequences [88]. Because of this, the contribution of the
antigen-specific TCR repertoire to all coronaviruses will be hard to estimate in terms of
specificity. In addition, the next coronavirus may carry similar epitopes, but if there are
other more immunodominant epitopes, the previously primed T-cell memory will not be
able to target these new immunodominant epitopes.

While shaping the T-cell memory to target specific epitopes of the structural proteins
and non-structural proteins, it is also essential to develop the memory T-cell response at
the strategic site of viral entry. Among the alternative routes of vaccination such as oral,
nasal, and skin nano-patches tried by the next-generation COVID-19 vaccines [89–92], the
nasal route is an attractive option as this approach can directly target the mucosal T-cell
immunity of the upper respiratory tract, lower respiratory tract, and lungs (Figure 1),
which are the boarding sites of SARS-CoV-2. By establishing strong mucosal immunity
in the airway, theoretically, the viral load could be suppressed, and it would be less likely
that the high viral load would move down to the lungs. Findings on, for example, the
intense viral shedding from SARS-CoV-2-infected airway cells [93] point out the need
to build up strong local immunity in these areas. It is true that T-cell immunity can be
induced there and maintained for several months. In convalescent COVID-19 cases, virus-
specific TRM cells can be found in lung parenchyma for up to 10 months after SARS-CoV-2
exposure [94], but the frequency of these cells will decrease over time. Therefore, it is
also essential to refill TRM in the lungs by using the nasal approach (Figure 1). Several
preclinical studies reported the ability of nasal SARS-CoV-2 vaccines to trigger a T-cell
response in the airway and lungs [89,90,95,96]. Interestingly, functionally active CD103+

CD69+ CD8+ memory T cells in addition to IFNγ and granzyme B-producing T cells are
successfully induced in the respiratory tracts by an S-protein-based nasal vaccine delivered
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with a ChAd vector, whereas an intramuscular vaccine failed to yield the same result [95].
Intramuscular injections can definitely yield systemic immunity, but they are not the best
solution to provide strong local mucosal immunity in the upper and lower airways. Most of
the previous studies have judged vaccine-induced T-cell immunity by using the peripheral
blood, but the fact is that the response seen in the circulation does not paint a comprehensive
picture of the whole-body T-cell immunity, especially with regard to the profile of tissue-
resident memory TRM cells. The memory T-cell pool in the circulation could replenish
the lung TRM cells to some extent, but introducing viral epitopes via the nasal route is
more reasonable to directly recruit TRM cells to the lungs. The better results of the nasal
vaccines were later revealed based on their effectiveness as a booster after the hosts were
primed with the intramuscular (IM) vaccine [89,90]. A heterologous prime-boost approach
using intranasal spike boosting can successfully elicit the lung tissue-resident TRM cells,
including both CD4+ TRM and CD8+ TRM cells, together with class-switched virus-specific
antibody-secreting B cells that express immunoglobulin A (IgA) and immunoglobulin G
(IgG) [89]. Thus, the nasal route is an essential requirement for recruiting memory T cells,
especially TRM cells, to the airways and lungs, which could elicit an efficient T-cell response
within a short time frame upon exposure to a new SARS-CoV-2 infection; this could not
only decrease the viral load, but also reduce transmissibility by suppressing viral shedding.
Later, a study of an intranasal vaccine called the trivalent ChAd vector vaccine that carries
not just the spike, but also includes the N protein and truncated non-structural protein
12 (nsp12) of SARS-CoV-2 showed its ability to control some variants of concern such as
B.1.1.7 and B.1.351 [90], demonstrating it to be a promising potential strategy to be used for
future mutant strains since this trivalent nasal vaccine induces functionally active multi-
epitope-specific CD8+ T cells and an effective Th1-skewed response in the airway. There
are several nasal vaccines that are currently being tested in clinical trials [97–101]. As a first
sign of success, an encouraging result of strong T-cell immunity that could recognize >99.2%
of the Omicron (BA.2) peptide pool was reported for the live-attenuated nasal vaccine
from Codagenix [100]. Hopefully, some of these nasal vaccines will be authorized soon
and released to the market, as these vaccines are not just effective, but they have several
advantages such as being easy and flexible to produce, not requiring medical professionals
for distribution, and being able to be stored inside the fridge for long durations.

Although we will hopefully achieve better outcomes by using nasal vaccines, some
possible pitfalls and negative consequences have to be taken into account. Firstly, a high
number of TRM cells in the lungs does not necessarily lead to exclusive protection from
the viral infection. For example, TRM cells in obese people may be unable to perform
their effector function, as obesity can form a unique T-cell metabolic impairment that can
lead to a dysfunctional T-cell response [102]. Similarly, chronic hyperglycemia as a causal
factor of memory T-cell dysfunction was demonstrated in type 2 diabetic mice models [103].
In addition, the impaired ability to perform cytotoxic functions alongside a significantly
reduced production of granzymeA (GzmA) and perforin in a subpopulation of effector
memory CD8+ T cells was also reported in aging COVID-19 patients [104]. These go beyond
the nasal vaccine’s level of ability to induce lung TRM responses. In addition, although the
induction of viral epitopes with the frequent usage of the nasal vaccine may be important
for the recruitment of TRM cells to the lungs, these cells need a specific site to stay inside
in the harsh environment of the respiratory tract and ill-defined interstitium of the lungs.
According to a study using murine models, specific niches can be formed at the peribron-
chiolar foci while repairing the tissue after the virus-induced damage [105,106]. These
niches, called repair-associated memory depots (RAMDs), are the sites that can host CD8+

TRM cells. Although the nasal vaccine can strategically recruit the CD8+ TRM cells to these
RAMDs, most of these RAMDs disappear during tissue regeneration, which could reduce
the effectiveness of the nasal approach. On the other hand, the CD4+ TRM cells can reside
in the inducible bronchus-associated lymphoid tissue (iBALT), which could last for several
months [105–108]. However, the persistent presence of TRM cells inside the lungs can
also have potential negative consequences (Figure 1) that can trigger immunopathological
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changes. For example, in asthmatic people, allergen-specific CD4+ TRM cells represent a
dominant group residing in iBALT, and the bystander activation of these cells can occur
when exposed to the viral infection. One study reported that asthmatic human subjects
challenged with respiratory syncytial virus (RSV) could not only virus-specific T-cell im-
munity, but also the bystander activation of allergen-specific memory Th2 cells, which
occurs without TCR ligation [109]. Similarly, one group also demonstrated the bystander
activation of lung parenchyma-located virus-specific CD8+ TRM cells, but not of the TRM
cells from the lungs’ vasculature, in response to the bacteria infection by challenging it in-
tranasally with the bacteria and bacterial product lipopolysaccharide (LPS) [110]. Although
bystander activation of virus-specific TRM cells in this study non-specifically alleviated
the bacterial infection-induced pneumonia, the ability of the bystander T-cell activation to
recruit neutrophils triggered the inflammatory microenvironment inside the lungs. Based
on this evidence, environmental allergens, bacterial infections, and bacterial products may
possibly cause the bystander activation of nasal vaccine-induced CD8+ TRM in the absence
of the previously primed viral antigen. Essentially, if these TRM cells are super-active and
provide a heterologous immune response to similar epitopes coming from environmental
allergens, or if they respond to several environmental antigens via bystander activation,
they may initiate the frequent activation of alveolar macrophages and other immune cells,
for example, eosinophils and basophils. Consequently, the lungs will have to suffer from
the repetitive inflammation, and the chronic inflammatory reaction could be accompanied
by fibrosis and tissue damage. Theoretically, if there is silent chronic inflammation for
years, it could lead to metaplastic changes, dysplasia, and neoplasia. Notably, these com-
plications such as metaplasia and dysplasia are possibly driven by chronic inflammation
due to the frequent usage of nasal vaccines that induce the long-term stay of lung TRM
cells, and they will be more pronounced in smokers and people with chronic obstructive
pulmonary disease (COPD), as these people already have an unhealthy microenvironment
in the respiratory epithelium, which is a fertile place for the development of neoplastic
changes upon exposure to inflammation-inducing antigens. The purpose of nasal vaccines
is to stop the COVID-19 pandemic, but other negative outcomes and possible pitfalls need
to be addressed.
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Figure 1. A schematic diagram of vaccine strategy for an efficient T-cell immunity and its possible
long-term consequences. (a) T cells should be primed with an ideal vaccine that includes several viral
proteins such as structural and non-structural proteins to be able to broadly target SARS-CoV-2, a
similar response which can be seen in convalescent COVID-19 cases. In the future, vaccine strategies
should be improved by targeting specific immunodominant and immunogenic epitopes. (b) Nasal
vaccine as a booster dose is a promising strategy to induce TRM cell response at the viral entry sites
such as the respiratory tract and lungs in addition to the systemic T-cell immunity. (c) Convalescent
cases may have TRM cells in the lungs, but the cell number will decrease over time. (d) The fre-
quency of lung TRM levels in convalescent cases can be restored by using the nasal vaccine approach
(b,d) Vaccination by nasal route is a promising strategy to recruit virus-specific T cells to the respira-
tory tract. A swift CD8+ TRM response by intranasal vaccine as a booster can effectively control the
virus at the respiratory tracts and lungs. However, there are some potential negative consequences
of the intranasal approach such as non-specific bystander activation of TRM cells, heterologous
immunity to similar epitopes, and chronic inflammation with its long-term complications such as
metaplasia and dysplasia.

5. Conclusions

It is true that T-cell immunity needs to be trained with an ideal vaccine. Without a
doubt, if a highly mutant SARS-CoV-2 strain appears in the future, a vaccine that could
induce mucosal immunity with a swift and broad T-cell response in the airway and lungs,
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and that could induce strong systemic immunity could suppress the viral load and halt
the pathogenesis. This would result in fewer fatalities and prevent a pandemic. Current
vaccine approaches are trying to produce T-cell memory by broadly targeting the several
proteins of SARS-CoV-2. Hopefully, future studies may find more conserved regions
from viral proteins or a specific peptide pool to be packaged into a vaccine to prime the
T cells for a more focused response. On the other hand, a vaccine approach using the
nasal route is also a promising method to induce a fast, durable T-cell response. However,
the long-term consequences of the presence of potent and fresh TRM cells inside the
lungs via the frequent administration of nasal boosters must be investigated carefully.
The whole world has witnessed the rapid progress in finding effective vaccines since the
early wave of COVID-19. Current vaccine approaches seem mature and are in line with
our understanding of the viral pathogenesis and immune response to SARS-CoV-2 and
its mutant strains. However, it would be better if an ideal vaccine or vaccine strategy
that could induce harmonized humoral and cell-mediated immunity was able to fully
stop the SARS-CoV-2 pandemic. While we are waiting for this, as frequent SARS-CoV-2
vaccination becomes somewhat routine, vaccine-induced molecular and immunological
changes, especially in T-cell immunity, are essential to analyze in detail.

Author Contributions: Z.H.T., N.T.T.H., C.K.-T.-T. and W.-H.L. collaborated on the writing and
editing of this paper. All authors contributed to this article. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be constructed as a potential conflict of interest.

References
1. Whitmire, J.K. Induction and function of virus-specific CD4+ T cell responses. Virology 2011, 411, 216–228. [CrossRef] [PubMed]
2. Harari, A.; Dutoit, V.; Cellerai, C.; Bart, P.; Du Pasquier, R.A.; Pantaleo, G. Functional signatures of protective antiviral T-cell

immunity in human virus infections. Immunol. Rev. 2006, 211, 236–254. [CrossRef] [PubMed]
3. Guidotti, L.G.; Chisari, F.V. Noncytolytic Control of Viral Infections by the Innate and Adaptive ImmuneResponse. Annu. Rev.

Immunol. 2001, 19, 65–91. [CrossRef]
4. Le Bert, N.; Clapham, H.E.; Tan, A.T.; Chia, W.N.; Tham, C.Y.L.; Lim, J.M.; Kunasegaran, K.; Tan, L.W.L.; Dutertre, C.-A.; Shankar,

N.; et al. Highly functional virus-specific cellular immune response in asymptomatic SARS-CoV-2 infection. J. Exp. Med. 2021,
218, e20202617. [CrossRef]

5. Tan, A.T.; Linster, M.; Tan, C.W.; Le Bert, N.; Chia, W.N.; Kunasegaran, K.; Zhuang, Y.; Tham, C.Y.L.; Chia, A.; Smith, G.J.; et al.
Early induction of functional SARS-CoV-2-specific T cells associates with rapid viral clearance and mild disease in COVID-19
patients. Cell Rep. 2021, 34, 108728. [CrossRef] [PubMed]

6. Zheng, H.-Y.; Zhang, M.; Yang, C.-X.; Zhang, N.; Wang, X.-C.; Yang, X.-P.; Dong, X.-Q.; Zheng, Y.-T. Elevated exhaustion levels and
reduced functional diversity of T cells in peripheral blood, predict severe progression in COVID-19 patients. Cell Mol. Immunol.
2020, 17, 541–543. [CrossRef] [PubMed]

7. Gutiérrez-Bautista, J.F.; Rodriguez-Nicolas, A.; Rosales-Castillo, A.; Jiménez, P.; Garrido, F.; Anderson, P.; Ruiz-Cabello, F.;
Lopez-Ruz, M.A. Negative Clinical Evolution in COVID-19 Patients Is Frequently Accompanied With an Increased Proportion of
Undifferentiated Th Cells and a Strong Underrepresentation of the Th1 Subset. Front. Immunol. 2020, 11, 596553. [CrossRef]

8. Roncati, L.; Nasillo, V.; Lusenti, B.; Riva, G. Signals of Th2 immune response from COVID-19 patients requiring intensive care.
Ann. Hematol. 2020, 99, 1419–1420. [CrossRef]

9. Roy, B.; Roy, H. The Delta Plus variant of COVID-19: Will it be the worst nightmare in the SARS-CoV-2 pandemic? J. Biomed. Sci.
2021, 8, 1–2. [CrossRef]

10. Fisman, D.N.; Tuite, A.R. Evaluation of the relative virulence of novel SARS-CoV-2 variants: A retrospective cohort study in
Ontario, Canada. Can. Med. Assoc. J. 2021, 193, E1619–E1625. [CrossRef]

11. Viana, R.; Moyo, S.; Amoako, D.G.; Tegally, H.; Scheepers, C.; Althaus, C.L.; Anyaneji, U.J.; Bester, P.A.; Boni, M.F.; Chand, M.;
et al. Rapid epidemic expansion of the SARS-CoV-2 Omicron variant in southern Africa. Nature 2022, 603, 679–686. [CrossRef]

12. Brandal, L.T.; MacDonald, E.; Veneti, L.; Ravlo, T.; Lange, H.; Naseer, U.; Feruglio, S.; Bragstad, K.; Hungnes, O.; Ødeskaug, L.E.;
et al. Outbreak Caused by the SARS-CoV-2 Omicron Variant in Norway, November to December 2021. Eurosurveillance 2021, 26,
2101147. Available online: https://www.eurosurveillance.org/content/10.2807/1560-7917.ES.2021.26.50.2101147 (accessed on 5
July 2022). [CrossRef] [PubMed]

http://doi.org/10.1016/j.virol.2010.12.015
http://www.ncbi.nlm.nih.gov/pubmed/21236461
http://doi.org/10.1111/j.0105-2896.2006.00395.x
http://www.ncbi.nlm.nih.gov/pubmed/16824132
http://doi.org/10.1146/annurev.immunol.19.1.65
http://doi.org/10.1084/jem.20202617
http://doi.org/10.1016/j.celrep.2021.108728
http://www.ncbi.nlm.nih.gov/pubmed/33516277
http://doi.org/10.1038/s41423-020-0401-3
http://www.ncbi.nlm.nih.gov/pubmed/32203186
http://doi.org/10.3389/fimmu.2020.596553
http://doi.org/10.1007/s00277-020-04066-7
http://doi.org/10.3126/jbs.v8i1.38449
http://doi.org/10.1503/cmaj.211248
http://doi.org/10.1038/s41586-022-04411-y
https://www.eurosurveillance.org/content/10.2807/1560-7917.ES.2021.26.50.2101147
http://doi.org/10.2807/1560-7917.ES.2021.26.50.2101147
http://www.ncbi.nlm.nih.gov/pubmed/34915975


Pathogens 2023, 12, 301 11 of 15

13. Lu, L.; Mok, B.W.Y.; Chen, L.L.; Chan, J.M.C.; Tsang, O.T.Y.; Lam, B.H.S.; Chuang, V.W.M.; Chu, A.W.H.; Chan, W.M.; Ip, J.D.; et al.
Neutralization of Severe Acute Respiratory Syndrome Coronavirus 2 Omicron Variant by Sera from BNT162b2 or CoronaVac
Vaccine Recipients. Clin. Infect. Dis. 2021, 75, e822–e826. [CrossRef]

14. Li, Q.; Wu, J.; Nie, J.; Zhang, L.; Hao, H.; Liu, S.; Zhao, C.; Zhang, Q.; Liu, H.; Nie, L.; et al. The Impact of Mutations in SARS-CoV-2
Spike on Viral Infectivity and Antigenicity. Cell 2020, 182, 1284–1294.e9. [CrossRef] [PubMed]

15. Jangra, S.; Ye, C.; Rathnasinghe, R.; Stadlbauer, D.; Alshammary, H.; Amoako, A.A.; Awawda, M.H.; Beach, K.F.; Bermúdez-
González, M.C.; Chernet, R.L.; et al. SARS-CoV-2 spike E484K mutation reduces antibody neutralisation. Lancet Microbe 2021,
2, e283–e284. [CrossRef]

16. Han, S.; Asoyan, A.; Rabenstein, H.; Nakano, N.; Obst, R. Role of antigen persistence and dose for CD4 + T-cell exhaustion and
recovery. Proc. Natl. Acad. Sci. USA 2010, 107, 20453–20458. [CrossRef] [PubMed]

17. Hashimoto, M.; Kamphorst, A.O.; Im, S.J.; Kissick, H.T.; Pillai, R.N.; Ramalingam, S.S.; Araki, K.; Ahmed, R. CD8 T Cell
Exhaustion in Chronic Infection and Cancer: Opportunities for Interventions. Annu. Rev. Med. 2018, 69, 301–318. [CrossRef]
[PubMed]

18. Saeidi, A.; Zandi, K.; Cheok, Y.Y.; Saeidi, H.; Wong, W.F.; Lee, C.Y.Q.; Cheong, H.C.; Yong, Y.K.; Larsson, M.; Shankar, E.M. T-Cell
Exhaustion in Chronic Infections: Reversing the State of Exhaustion and Reinvigorating Optimal Protective Immune Responses.
Front. Immunol. 2018, 9, 2569. [CrossRef]

19. Attanasio, J.; Wherry, E.J. Costimulatory and Coinhibitory Receptor Pathways in Infectious Disease. Immunity 2016, 44, 1052–1068.
[CrossRef]

20. Rha, M.S.; Jeong, H.W.; Ko, J.H.; Choi, S.J.; Seo, I.H.; Lee, J.S.; Sa, M.; Kim, A.R.; Joo, E.J.; Ahn, J.Y.; et al. PD-1-Expressing
SARS-CoV-2-Specific CD8+ T Cells Are Not Exhausted, but Functional in Patients with COVID-19. Immunity 2021, 54, 44–52.e3.
[CrossRef]

21. Zheng, M.; Gao, Y.; Wang, G.; Song, G.; Liu, S.; Sun, D.; Xu, Y.; Tian, Z. Functional exhaustion of antiviral lymphocytes in
COVID-19 patients. Cell Mol. Immunol. 2020, 17, 533–535. [CrossRef] [PubMed]

22. Modabber, Z.; Shahbazi, M.; Akbari, R.; Bagherzadeh, M.; Firouzjahi, A.; Mohammadnia-Afrouzi, M. TIM-3 as a potential
exhaustion marker in CD4+ T cells of COVID-19 patients. Immun. Inflamm. Dis. 2021, 9, 1707–1715. [CrossRef]

23. Shahbazi, M.; Moulana, Z.; Sepidarkish, M.; Bagherzadeh, M.; Rezanejad, M.; Mirzakhani, M.; Jafari, M.; Mohammadnia-Afrouzi,
M. Pronounce expression of Tim-3 and CD39 but not PD1 defines CD8 T cells in critical Covid-19 patients. Microb. Pathog. 2021,
153, 104779. [CrossRef]

24. Gupta, P.K.; Godec, J.; Wolski, D.; Adland, E.; Yates, K.; Pauken, K.E.; Cosgrove, C.; Ledderose, C.; Junger, W.G.; Robson, S.C.; et al.
CD39 Expression Identifies Terminally Exhausted CD8+ T. Cells. Douek DC, editor. PLoS Pathog. 2015, 11, e1005177. [CrossRef]

25. Loretelli, C.; Abdelsalam, A.; D’Addio, F.; Nasr, M.B.; Assi, E.; Usuelli, V.; Maestroni, A.; Seelam, A.J.; Ippolito, E.; Di Maggio, S.;
et al. PD-1 blockade counteracts post–COVID-19 immune abnormalities and stimulates the anti–SARS-CoV-2 immune response.
JCI Insight 2021, 6, 146701. [CrossRef] [PubMed]

26. Ceschi, A.; Noseda, R.; Palin, K.; Verhamme, K. Immune Checkpoint Inhibitor-Related Cytokine Release Syndrome: Analysis of
WHO Global Pharmacovigilance Database. Front. Pharmacol. 2020, 11, 557. [CrossRef] [PubMed]

27. Spellberg, B.; Edwards, J.E. Type 1/Type 2 Immunity in Infectious Diseases. Clin. Infect. Dis. 2001, 32, 76–102. [CrossRef]
28. Blanco-Melo, D.; Nilsson-Payant, B.E.; Liu, W.C.; Uhl, S.; Hoagland, D.; Møller, R.; Jordan, T.X.; Oishi, K.; Panis, M.; Sachs, D.;

et al. Imbalanced Host Response to SARS-CoV-2 Drives Development of COVID-19. Cell 2020, 181, 1036–1045.e9. [CrossRef]
29. Belaid, B.; Lamara Mahammad, L.; Mihi, B.; Rahali, S.Y.; Djidjeli, A.; Larab, Z.; Berkani, L.; Berkane, I.; Sayah, W.; Merah, F.; et al.

T cell counts and IL-6 concentration in blood of North African COVID-19 patients are two independent prognostic factors for
severe disease and death. J. Leukoc. Biol. 2022, 111, 269–281. [CrossRef]

30. Luo, M.; Liu, J.; Jiang, W.; Yue, S.; Liu, H.; Wei, S. IL-6 and CD8+ T cell counts combined are an early predictor of in-hospital
mortality of patients with COVID-19. JCI Insight 2020, 5, e139024. [CrossRef]

31. Vaz de Paula, C.B.; de Azevedo, M.L.V.; Nagashima, S.; Martins, A.P.C.; Malaquias, M.A.S.; Miggiolaro, A.F.R.d.S.; da Silva Motta
Júnior, J.; Avelino, G.; do Carmo, L.A.P.; Carstens, L.B.; et al. IL-4/IL-13 remodeling pathway of COVID-19 lung injury. Sci. Rep.
2020, 10, 18689. [CrossRef] [PubMed]

32. Ferastraoaru, D.; Hudes, G.; Jerschow, E.; Jariwala, S.; Karagic, M.; de Vos, G.; Rosenstreich, D.; Ramesh, M. Eosinophilia in
Asthma Patients Is Protective Against Severe COVID-19 Illness. J. Allergy Clin. Immunol. 2021, 9, 1152–1162.e3. [CrossRef]

33. Carli, G.; Cecchi, L.; Stebbing, J.; Parronchi, P.; Farsi, A. Is asthma protective against COVID-19? Allergy 2021, 76, 866–868.
[CrossRef] [PubMed]

34. Xu, Z.; Shi, L.; Wang, Y.; Zhang, J.; Huang, L.; Zhang, C.; Liu, S.; Zhao, P.; Liu, H.; Zhu, L.; et al. Pathological findings of COVID-19
associated with acute respiratory distress syndrome. Lancet Respir. Med. 2020, 8, 420–422. [CrossRef] [PubMed]

35. Mikacenic, C.; Hansen, E.E.; Radella, F.; Gharib, S.A.; Stapleton, R.D.; Wurfel, M.M. Interleukin-17A Is Associated With Alveolar
Inflammation and Poor Outcomes in Acute Respiratory Distress Syndrome. Crit. Care Med. 2016, 44, 496–502. [CrossRef]
[PubMed]

36. Zheng, L.Y.; Sun, P.C. Increased Expression of IL-23 and IL-17 in Serum of Patients with Neonatal Respiratory Distress Syndrome
and its Clinical Significance. Clin. Lab. 2020, 66. [CrossRef]

http://doi.org/10.1093/cid/ciab1041
http://doi.org/10.1016/j.cell.2020.07.012
http://www.ncbi.nlm.nih.gov/pubmed/32730807
http://doi.org/10.1016/S2666-5247(21)00068-9
http://doi.org/10.1073/pnas.1008437107
http://www.ncbi.nlm.nih.gov/pubmed/21059929
http://doi.org/10.1146/annurev-med-012017-043208
http://www.ncbi.nlm.nih.gov/pubmed/29414259
http://doi.org/10.3389/fimmu.2018.02569
http://doi.org/10.1016/j.immuni.2016.04.022
http://doi.org/10.1016/j.immuni.2020.12.002
http://doi.org/10.1038/s41423-020-0402-2
http://www.ncbi.nlm.nih.gov/pubmed/32203188
http://doi.org/10.1002/iid3.526
http://doi.org/10.1016/j.micpath.2021.104779
http://doi.org/10.1371/journal.ppat.1005177
http://doi.org/10.1172/jci.insight.146701
http://www.ncbi.nlm.nih.gov/pubmed/34784300
http://doi.org/10.3389/fphar.2020.00557
http://www.ncbi.nlm.nih.gov/pubmed/32425791
http://doi.org/10.1086/317537
http://doi.org/10.1016/j.cell.2020.04.026
http://doi.org/10.1002/JLB.4COVA1020-703R
http://doi.org/10.1172/jci.insight.139024
http://doi.org/10.1038/s41598-020-75659-5
http://www.ncbi.nlm.nih.gov/pubmed/33122784
http://doi.org/10.1016/j.jaip.2020.12.045
http://doi.org/10.1111/all.14426
http://www.ncbi.nlm.nih.gov/pubmed/32479648
http://doi.org/10.1016/S2213-2600(20)30076-X
http://www.ncbi.nlm.nih.gov/pubmed/32085846
http://doi.org/10.1097/CCM.0000000000001409
http://www.ncbi.nlm.nih.gov/pubmed/26540401
http://doi.org/10.7754/Clin.Lab.2020.191250


Pathogens 2023, 12, 301 12 of 15

37. Peng, Y.; Mentzer, A.J.; Liu, G.; Yao, X.; Yin, Z.; Dong, D.; Dejnirattisai, W.; Rostron, T.; Supasa, P.; Liu, C.; et al. Broad and strong
memory CD4+ and CD8+ T cells induced by SARS-CoV-2 in UK convalescent individuals following COVID-19. Nat. Immunol.
2020, 21, 1336–1345. [CrossRef]

38. Le Bert, N.; Tan, A.T.; Kunasegaran, K.; Tham, C.Y.L.; Hafezi, M.; Chia, A.; Chng, M.H.Y.; Lin, M.; Tan, N.; Linster, M.; et al.
SARS-CoV-2-specific T cell immunity in cases of COVID-19 and SARS, and uninfected controls. Nature 2020, 584, 457–462.
[CrossRef]

39. Ng, O.W.; Chia, A.; Tan, A.T.; Jadi, R.S.; Leong, H.N.; Bertoletti, A.; Tan, Y.J. Memory T cell responses targeting the SARS
coronavirus persist up to 11 years post-infection. Vaccine 2016, 34, 2008–2014. [CrossRef]

40. Grifoni, A.; Weiskopf, D.; Ramirez, S.I.; Mateus, J.; Dan, J.M.; Moderbacher, C.R.; Rawlings, S.A.; Sutherland, A.; Premkumar, L.;
Jadi, R.S.; et al. Targets of T Cell Responses to SARS-CoV-2 Coronavirus in Humans with COVID-19 Disease and Unexposed
Individuals. Cell 2020, 181, 1489–1501.e15. [CrossRef]

41. Sekine, T.; Perez-Potti, A.; Rivera-Ballesteros, O.; Strålin, K.; Gorin, J.B.; Olsson, A.; Llewellyn-Lacey, S.; Kamal, H.; Bogdanovic,
G.; Muschiol, S.; et al. Robust T Cell Immunity in Convalescent Individuals with Asymptomatic or Mild COVID-19. Cell 2020,
183, 158–168.e14. [CrossRef] [PubMed]

42. Rydyznski Moderbacher, C.; Ramirez, S.I.; Dan, J.M.; Grifoni, A.; Hastie, K.M.; Weiskopf, D.; Belanger, S.; Abbott, R.K.; Kim, C.;
Choi, J.; et al. Antigen-Specific Adaptive Immunity to SARS-CoV-2 in Acute COVID-19 and Associations with Age and Disease
Severity. Cell 2020, 183, 996–1012.e19. [CrossRef] [PubMed]

43. Tarke, A.; Sidney, J.; Methot, N.; Yu, E.D.; Zhang, Y.; Dan, J.M.; Goodwin, B.; Rubiro, P.; Sutherland, A.; Wang, E.; et al. Impact of
SARS-CoV-2 variants on the total CD4+ and CD8+ T cell reactivity in infected or vaccinated individuals. Cell Rep. Med. 2021,
2, 100355. [CrossRef] [PubMed]

44. Redd, A.D.; Nardin, A.; Kared, H.; Bloch, E.M.; Pekosz, A.; Laeyendecker, O.; Abel, B.; Fehlings, M.; Quinn, T.C.; Tobian, A.A.
CD8+ T-Cell Responses in COVID-19 Convalescent Individuals Target Conserved Epitopes From Multiple Prominent SARS-CoV-2
Circulating Variants. Open Forum Infect. Dis. 2021, 8, ofab143. [CrossRef]

45. Naranbhai, V.; Nathan, A.; Kaseke, C.; Berrios, C.; Khatri, A.; Choi, S.; Getz, M.A.; Tano-Menka, R.; Ofoman, O.; Gayton, A.; et al.
T cell reactivity to the SARS-CoV-2 Omicron variant is preserved in most but not all individuals. Cell 2022, 185, 1041–1051.e6.
[CrossRef]

46. Jung, J.H.; Rha, M.S.; Sa, M.; Choi, H.K.; Jeon, J.H.; Seok, H.; Park, D.W.; Park, S.H.; Jeong, H.W.; Choi, W.S.; et al. SARS-CoV-
2-specific T cell memory is sustained in COVID-19 convalescent patients for 10 months with successful development of stem
cell-like memory T cells. Nat. Commun. 2021, 12, 4043. [CrossRef]

47. Sherina, N.; Piralla, A.; Du, L.; Wan, H.; Kumagai-Braesch, M.; Andréll, J.; Braesch-Andersen, S.; Cassaniti, I.; Percivalle, E.;
Sarasini, A.; et al. Persistence of SARS-CoV-2-specific B and T cell responses in convalescent COVID-19 patients 6–8 months after
the infection. Med 2021, 2, 281–295.e4. [CrossRef]

48. Bilich, T.; Nelde, A.; Heitmann, J.S.; Maringer, Y.; Roerden, M.; Bauer, J.; Rieth, J.; Wacker, M.; Peter, A.; Hörber, S.; et al. T cell and
antibody kinetics delineate SARS-CoV-2 peptides mediating long-term immune responses in COVID-19 convalescent individuals.
Sci. Transl. Med. 2021, 13, eabf7517. [CrossRef]

49. Dan, J.M.; Mateus, J.; Kato, Y.; Hastie, K.M.; Yu, E.D.; Faliti, C.E.; Grifoni, A.; Ramirez, S.I.; Haupt, S.; Frazier, A.; et al.
Immunological memory to SARS-CoV-2 assessed for up to 8 months after infection. Science 2021, 371, eabf4063. [CrossRef]

50. Slütter, B.; Van Braeckel-Budimir, N.; Abboud, G.; Varga, S.M.; Salek-Ardakani, S.; Harty, J.T. Dynamics of influenza-induced
lung-resident memory T cells underlie waning heterosubtypic immunity. Sci. Immunol. 2017, 2, eaag2031. [CrossRef]

51. Kalimuddin, S.; Tham, C.Y.L.; Qui, M.; de Alwis, R.; Sim, J.X.Y.; Lim, J.M.E.; Tan, H.C.; Syenina, A.; Zhang, S.L.; Le Bert, N.; et al.
Early T cell and binding antibody responses are associated with COVID-19 RNA vaccine efficacy onset. Med 2021, 2, 682–688.e4.
[CrossRef]

52. Mateus, J.; Dan, J.M.; Zhang, Z.; Rydyznski Moderbacher, C.; Lammers, M.; Goodwin, B.; Sette, A.; Crotty, S.; Weiskopf,
D. Low-dose mRNA-1273 COVID-19 vaccine generates durable memory enhanced by cross-reactive T cells. Science 2021,
374, eabj9853. [CrossRef]

53. Jackson, L.A.; Anderson, E.J.; Rouphael, N.G.; Roberts, P.C.; Makhene, M.; Coler, R.N.; McCullough, M.P.; Chappell, J.D.; Denison,
M.R.; Stevens, L.J.; et al. An mRNA Vaccine against SARS-CoV-2-Preliminary Report. N. Engl. J. Med. 2020, 383, 1920–1931.
[CrossRef]

54. Corbett, K.S.; Flynn, B.; Foulds, K.E.; Francica, J.R.; Boyoglu-Barnum, S.; Werner, A.P.; Flach, B.; O’Connell, S.; Bock, K.W.;
Minai, M.; et al. Evaluation of the mRNA-1273 Vaccine against SARS-CoV-2 in Nonhuman Primates. N. Engl. J. Med. 2020,
383, 1544–1555. [CrossRef]

55. Sahin, U.; Muik, A.; Derhovanessian, E.; Vogler, I.; Kranz, L.M.; Vormehr, M.; Baum, A.; Pascal, K.; Quandt, J.; Maurus, D.; et al.
COVID-19 vaccine BNT162b1 elicits human antibody and TH1 T cell responses. Nature 2020, 586, 594–599. [CrossRef] [PubMed]

56. Swanson, P.A.; Padilla, M.; Hoyland, W.; McGlinchey, K.; Fields, P.A.; Bibi, S.; Faust, S.N.; McDermott, A.B.; Lambe, T.; Pollard,
A.J.; et al. AZD1222/ChAdOx1 nCoV-19 vaccination induces a polyfunctional spike protein–specific T H 1 response with a
diverse TCR repertoire. Sci. Transl. Med. 2021, 13, eabj7211. [CrossRef] [PubMed]

57. Bueno, S.M.; Abarca, K.; González, P.A.; Gálvez, N.M.; Soto, J.A.; Duarte, L.F.; Schultz, B.M.; Pacheco, G.A.; González, L.A.;
Vázquez, Y.; et al. Interim report: Safety and immunogenicity of an inactivated vaccine against SARS-CoV-2 in healthy chilean
adults in a phase 3 clinical trial. medRxiv 2021, 75, e792–e804, reprinted in Clin. Infect. Dis. 2021, 75, e792–e804. [CrossRef]

http://doi.org/10.1038/s41590-020-0782-6
http://doi.org/10.1038/s41586-020-2550-z
http://doi.org/10.1016/j.vaccine.2016.02.063
http://doi.org/10.1016/j.cell.2020.05.015
http://doi.org/10.1016/j.cell.2020.08.017
http://www.ncbi.nlm.nih.gov/pubmed/32979941
http://doi.org/10.1016/j.cell.2020.09.038
http://www.ncbi.nlm.nih.gov/pubmed/33010815
http://doi.org/10.1016/j.xcrm.2021.100355
http://www.ncbi.nlm.nih.gov/pubmed/34230917
http://doi.org/10.1093/ofid/ofab143
http://doi.org/10.1016/j.cell.2022.01.029
http://doi.org/10.1038/s41467-021-24377-1
http://doi.org/10.1016/j.medj.2021.02.001
http://doi.org/10.1126/scitranslmed.abf7517
http://doi.org/10.1126/science.abf4063
http://doi.org/10.1126/sciimmunol.aag2031
http://doi.org/10.1016/j.medj.2021.04.003
http://doi.org/10.1126/science.abj9853
http://doi.org/10.1056/NEJMoa2022483
http://doi.org/10.1056/NEJMoa2024671
http://doi.org/10.1038/s41586-020-2814-7
http://www.ncbi.nlm.nih.gov/pubmed/32998157
http://doi.org/10.1126/scitranslmed.abj7211
http://www.ncbi.nlm.nih.gov/pubmed/34591596
http://doi.org/10.1093/cid/ciab823


Pathogens 2023, 12, 301 13 of 15

58. Payne, R.P.; Longet, S.; Austin, J.A.; Skelly, D.T.; Dejnirattisai, W.; Adele, S.; Meardon, N.; Faustini, S.; Al-Taei, S.; Moore, S.C.;
et al. Immunogenicity of standard and extended dosing intervals of BNT162b2 mRNA vaccine. Cell 2021, 184, 5699–5714.e11.
[CrossRef]
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